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Rotational Equilibria and Low-Order Modes of a Non-Neutral Ion Plasma
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We study rotational equilibria and low-order electrostatic modes of a magneticaily confined, non-
neutral ion plasma. The plasma rotation rate is controlled with radiation pressure from a laser beam and
is continuously varied over the entire allowed range, including Brillouin flow. Excitation of an asym-
metric plasma mode by a static field asymmetry is observed. The symmetric quadrupole mode is also
studied; its behavior is characteristic of a strongly magnetized plasma at low density, and of an unmag-

netized plasma at Brillouin flow.
PACS numbers: 52.25.Wz, 32.80.Pj, 52.35.Fp

Recently, much attention has focused on the proper-
ties of plasmas containing charges with only one sign.'
Such non-neutral plasmas are unusually simple both
theoretically and experimentally, and are unique in that
steady-state thermal equilibria are possible. Neverthe-
less, they exhibit a wide range of collective phenomena,
such as Debye shielding and collective oscillations. Typi-
cally, non-neutral plasmas are confined radially by a uni-
form axial magnetic field B=BZ, and axially by an elec-
trostatic potential.?> Such a plasma may be character-
ized by a self-field parameter® S=2w3/Q? where w,
=(4zng>/m)'"? is the plasma frequency, with n, g, and
m are the particle density, charge, and mass, respective-
ly, and Q =¢B/mc is the cyclotron frequency. Of partic-
ular theoretical** and practical® interest is the condition
S =1, referred to as “Brillouin flow.”3 In this state the
plasma rotates rapidly about the z axis at a frequency
Q/2 and is compressed to its maximum possible density
of ng=mQ?/8rq?, the “Brillouin density.” Near Bril-
louin flow, the plasma behaves in many ways like an un-
magnetized plasma.? Values of S near unity have been
obtained in only a few experiments®® where the plasma
confinement times were not long enough to reach ther-
mal equilibrium.

This paper describes the use of laser-induced torques
on a magnetically confined non-neutral *Be ™ plasma to
access the entire range of allowed rotational thermal
equilibria including Brillouin flow. Geometrical errors in
the trapping fields tended to limit the range of accessible
rotational equilibria. A static, azimuthally asymmetric
field error was observed to excite an asymmetric collec-
tive resonance and heat the plasma. When this asym-
metry was eliminated, the techniques described here
were used to study a symmetric quadrupole mode of the
plasma over a wide range of conditions including Bril-
louin flow.

The experimental apparatus (Fig. 1) has been de-
scribed previously.” Electroformed copper cylinders pro-
duce a trap with accurate cylindrical symmetry. A po-
tential V7 of between 10 and 300 V, applied between the
end and central electrodes, confines the ions axially. The

potential near the trap center is

14 2 2
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where dr =1.85 cm and w, is the frequency at which a
single trapped ion oscillates along the z axis. The trap
is placed in a uniform magnetic field B=B2Z, with B
=0.8194 T, which confines the ions radially. The *Be*
cyclotron frequency is Q/2zx=1.40 MHz. Background
gas pressure is approximately 10 ~® Pa. For this work,
between 1000 and 5000 °Be™ ions are confined in the
trap for many hours. The plasma dimensions are typi-
cally less than 0.1 cm. We remove contaminant ions
with a mass-to-charge ratio greater than *Be* by raising
Vrto ~550 V (w./2~0.67 for °Be*). Agreement be-
tween the predicted and observed mode frequencies is
obtained only when the contaminant ions are removed.
The ion plasma evolves into a near-thermal equilibri-
um state characterized by a uniform rotation of the plas-
ma about the z axis at frequency w. Under the low-
temperature conditions of this experiment, the density is
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FIG. 1. Schematic drawing of the experimental apparatus.
For clarity, the electrodes are shown in a cross-sectional view,
and the diagonal laser beam is omitted. The size of the plasma
is exaggerated.
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uniform over length scales large compared to the inter-
particle spacing and the plasma frequency is given
by ©}=20(Q —w).® The density falls to zero at the
boundary of the plasma in a distance on the order of the
Debye length,® which in our experiment is much less
than the plasma dimensions. With the confining poten-
tial of Eq. (1), the plasma boundary is spheroidal with
an aspect ratio a=zo/ro determined by o from the ex-
pression w?=w2Q(a/(a>—1)"?)/(a’*—1).® Here 2z,
and 2r¢ are the maximum axial and radial extent of the
plasma and Q" is the associated Legendre function of
the second kind. We neglect the effect of image charges
because the plasma dimensions are much smaller than
the trap dimensions.

The plasma density and temperature are controlled
with radiation pressure from two cw laser beams near-
ly resonant with the 2s52S,,(my=+ 3% my=+7%)
—2pP3;(+ 3, + 1) transition of *Be™ at frequency
wo (A =313 nm), where m; and m, are the nuclear- and
electron-spin projections along Z. One of these, the
“cooling beam,” is tuned 10-50 MHz below wg, has a
power of 50-500 uW, and is directed through the plas-
ma center in a direction perpendicular to the z axis. The
second beam, the “torque beam,” is directed perpendicu-
larly to the z axis through the side of the plasma that re-
cedes from the laser beam (Fig. 1). Its frequency wr is
between 0 and 1500 MHz above wq and its power is 1-3
uW. For some of the measurements, a third laser beam
is directed diagonally through the plasma with a com-
ponent along Z, to provide additional laser cooling.’
Each beam diameter is 25-50 ym, an order of magni-
tude less than the typical plasma diameter. The torque
beam supplies energy to the plasma and provides a
torque which changes the plasma angular momentum
and increases w. Equilibrium is maintained because the
energy input by the torque beam is removed by the cool-
ing beam,'® and because the laser-beam torques and
torques from static field asymmetries sum to zero.''™'3
Temperatures typically below 250 mK are obtained.

Light scattered from the ions is imaged by a lens sys-
tem onto a photon-counting imaging tube.” A real-time
display of the image is used to monitor the plasma kinet-
ic energy; a hot plasma has a more diffuse boundary and
less ion fluorescence. With this simple diagnostic we did
not, in general, distinguish between an increase in the
random thermal energy of the ions and the excitation of
coherent modal motion of the ions. In order to measure
the rotation frequency of the plasma, we drive the
(+3,+3)—(+3,— %) electron spin-flip transition
of the °Be™* ground state at w,/2r=22 GHz. The tran-
sition is observed as a decrease in the ion fluorescence.'*
Absorption at both the ““carrier” frequency w; and the
motional “‘sideband” frequencies w; = @ are observed.
These sidebands occur because the ions see the mi-
crowave field as being phase and amplitude modulated at
frequency w, due to the coherent rotational motion of the

ions.'® The rotation frequency w/2r is determined to an
accuracy of approximately 5 kHz.

With the two-laser-beam technique, we are able to es-
tablish a stable rotation frequency at any value in the
allowed range from o, to Q@ —w,, where w, =0Q/2
—(Q%4—w?2/2)"? is the single-ion magnetron frequen-
cy.® Initially, with @ small, the torque laser frequency
o7 is tuned near wo, and the torque beam induces very
little fluorescence due to the rotation-induced Doppler
shift. Then, as w7 is slowly increased, the ion fluores-
cence and torque increase, and the plasma compresses
and rotates faster. For w < Q/2, the plasma radius de-
creases and the aspect ratio @ increases with increasing
®. A typical curve of rotation frequency versus torque
laser tuning is shown in Fig. 2. At high rotation fre-
quencies hysteresis occurs. On the lower branch (in-
creasing wr), the plasma becomes much hotter and ro-
tates at a nearly constant frequency, until an abrupt
transition to a cold state of faster rotation occurs. With
further increases in w7, the rotation frequency can be
smoothly varied through Brillouin flow (0 =Q/2) to fre-
quencies slightly less than Q —w,,. For o> Q/2, the
plasma radius increases and the aspect ratio decreases
with increasing w. On the upper branch of the hystere-
sis (decreasing w7), the rotation frequency decreases
smoothly, and the plasma remains cold until some heat-
ing is again observed, at a rotation frequency slightly
higher than that at which heating first occurred on the
lower branch. The size of the hysteresis depended sensi-
tively on the angle 6y between the trap symmetry axis
and the magnetic field. For 6y > 0.1°, the plasma rota-
tion frequency could not be increased beyond the point at
which heating first occurred. We could make 6y < 0.01°
by searching for an alignment which gave no apparent
heating or hysteresis.
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FIG. 2. Plasma rotation frequency as a function of torque
laser frequency. Arrows indicate the direction of the frequency
sweep. Insets 4 and B illustrate the appearance of hot and
cold plasmas, respectively. Image 4 was recorded on the lower
branch of the hysteresis, and image B on the upper. Bright
fluorescence from the cooling and diagonal beams, and weak
fluorescence from the torque beam, is visible.
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The rotation frequency @ at which heating occurs for
00=0.02° is shown in Fig. 3 as a function of w,. The
lower bounds indicate where heating first occurs with in-
creasing rotation frequency and the upper bounds indi-
cate where heating first occurs with decreasing rotation
frequency. We have identified this heating resonance as
an excitation of a collective (/,m)=1(2,1) plasma mode
by the static field asymmetry associated with the trap-
magnetic-field misalignment. [The indices / and m refer
to a description of the modes in spheroidal coordinates,
with m describing the azimuthal (¢) variation, and / the
variation along a spheroidal surface in the direction per-
pendicular to ¢.] This mode is similar to an m =1
diocotron mode in a cylindrical plasma column with a
wavelength equal to the plasma length.'® In this mode
the plasma density remains constant and the shape
spheroidal, but the plasma symmetry axis is tilted with
respect to the z axis and precesses backwards relative to
the plasma rotation at frequency w. That is, the mode
frequency i in the rotating frame is negative.
Therefore when w§‘i°')= — w, the mode has frequency
>, =0 in the laboratory frame and may be excited by
static field asymmetries.''™!> We show as a solid line in
Fig. 3 the calculated rotation frequency ® at which
w7 =0. Excellent agreement between the predicted and
observed rotation frequencies is obtained. We calcu-
late'” w5, by considering small axial and radial displace-
ments of the ions from their equilibrium positions con-
sistent with a tilt of the plasma symmetry axis. A self-
consistent calculation of the axial and radial restoring
forces to first order gives two linear differential equations
describing the motion of the axial and radial displace-
ments. The requirement that the eigenfrequencies for
these two equations be equal gives a cubic equation for
wy1.

A static field error cannot transfer energy to the plas-
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FIG. 3. Rotation frequency w at which heating was ob-
served as a function of the single-particle axial frequency w..
Both frequencies are expressed in units of the cyclotron fre-
quency Q. The error bars on the measurements are explained
in the text. The solid line indicates the calculated rotation fre-
quency o at which w;; =0. This is a universal curve involving
no adjustable parameters.
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ma. However, it can convert potential energy to thermal
energy by producing a radial expansion of the plasma.
In our work, the laser beams are sources of strong
torques and energy input as well as cooling. We have
not attempted to model all of the energy input and
torques and obtain a quantitative description of the radi-
al transport and heating produced by the static (2,1)
mode.

We have also measured the (2,0) axially symmetric
quadrupole mode frequency of the plasma. This mode is
similar to an m =0 plasma mode in a cylindrical plasma
column with a wavelength equal to the plasma length.
In this mode the plasma density remains uniform and the
shape spheroidal, but the plasma aspect ratio a oscillates
in time. The mode is excited with an oscillating poten-
tial applied between the trap’s end and center electrodes
and resonance is observed by a change in the ion fluores-
cence. Results are shown in Fig. 4 for two different trap
potentials. The solid line shows the mode frequency w»o
calculated in a manner similar to the (2,1) mode and
given by’

203=0i+w) —{(Ql—0})?—40X0?—0h/3)}"?.
(2)

Here Q,=Q —2w is the vortex frequency, Q,=(Q?
-i-w,%)'/2 is the upper hybrid frequency, and wd=w}
x3aQ9(a/(a®—1)"2)/(a?—1)*2. The frequency wy is
the (2,0) mode frequency in the absence of a magnetic
field (i.e., a plasma confined by a uniform background of
opposite charge). Again, good agreement between the
predicted and observed mode frequencies is obtained
with no adjustable parameters. Independently, a more
general calculation of spheroidal plasma mode frequen-
cies has been recently carried out by Dubin. '8

Figure 4 shows two additional calculations. In the
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FIG. 4. Plasma quadrupole frequency wzo as a function of
rotation frequency o for w./Q =0.151 (V+=28 V) and w./Q
=0.256 (V7 =80 V). All frequencies are expressed in units of
the cyclotron frequency Q. The circles and triangles give the
experimental data. The solid lines give the cold-fluid model
predictions for wzo. The dashed and dotted lines give the high-
and low-magnetic-field calculations for w»o, respectively.



VOLUME 66, NUMBER 16

PHYSICAL REVIEW LETTERS

22 APRIL 1991

first, shown as dashed lines, the magnetic field is as-
sumed to be effectively infinite; that is, the ions are not
allowed to move radially, and the mode frequency is cal-
culated assuming a simple axial stretch of the charged
spheroid. In the second, shown as dotted lines, the mag-
netic field is assumed to be effectively zero; that is, the
curve shows wp. The quadrupole mode frequency varies
smoothly from the high-magnetic-field calculation at low
rotation frequencies to the zero-magnetic-field calcula-
tion at the Brillouin limit.

We also studied plasmas containing about 40000
Bet ions at a magnetic field B=6 T (ng=1.1x10'"
cm ~3) and trap voltage Vr=500-1500 V. At this
field, we were also able to obtain rotation frequencies
throughout the allowed range. The (2,1) heating reso-
nance was much stronger and more sensitive to the
magnetic-field alignment. In addition, weaker heating
resonances, which were also sensitive to the magnetic-
field alignment, were observed at lower rotation frequen-
cies than the (2,1) heating resonance. We were unable
to remove contaminant ions from the plasma at this high
magnetic field.

In conclusion, we have shown that the entire range of
allowed rotational equilibria can be realized in a non-
neutral ion plasma using laser-induced torques and by
careful control of trap asymmetries. This should permit
detailed investigations of non-neutral plasmas near Bril-
louin flow. Here we studied the excitation of an asym-
metric tilt mode of the plasma by a static field asym-
metry. This mode heated the plasma and tended to limit
the plasma density. Observation of this mode allows the
magnetic- and electric-field axes to be carefully aligned.
We also studied a symmetric quadrupole mode and
showed that the plasma exhibits unmagnetized behavior
near Brillouin flow. Measurement of this mode frequen-
cy, perhaps through induced image currents in the trap
electrodes, !° could provide useful information on plasma
rotation frequency, shape, and density when the plasma
cannot be directly imaged.
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